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EFFECT OF ROTOR- AND STATOR-BLADE MODIFICATIONS ON SURGE PERFORMANCE
OF AN 11-STAGE AXTAL-FLOW COMPRESSOR
IT - REDESIGNED COMPRESSOR FOR XJ40-WE-6 ENGINE

By E. William Conrad, Herold B. Finger, and Robert H. Essig

SUMMARY

An investigation to lncrease the compressor surge-limit pressure
ratio of the XJ40-WE-6 turboJet engine at high equivalent spoeds was
conducted at the NACA Iewls altitude wind tunnel. Evaluated herein
are & basic redesign of the compressor and 11 additional modifications
which included twisting rotor blades (in place) to change blade section
engles, inserting new stator dlaphragms with different blade section
angles, and opening the inlet gulde vanes. By means of a varisble-area
first-stage turbline-nozzle dlaphragm, the surgs-limit pressure ratio
of each conflguration was determlned over a range of egulvalent engine
speeds from about 4800 to 8000 rpm at an altltude of 30,000 feet and a
flight Mach number of 0.64. The surge limlt for several configurations
wag &also obtalned at altlitudes of 15,000 and 45,000 feet at a flight
Mach number of 0.21. Complete performance maps of the final compressor
configuratlon were obtalned for a flight Mach number of 0.64 at
altitudes of 15,000, 35,000 and 45,000 feet and for a flight Mach
number of 1.00 at an altltude of 35,000 feet.

It was found that & compressor redesigned to satisfy more closgely
simple radial equilibrium requirements at the Inlet and exit stages
and the additional modifications of the final configuration resulted
in an appreciable improvement In the compressor surge limit over that
of the orliglnal productlion compressor at high equivalent englne speeds.
Opening the inlet guide vanes 5° increassed the engine air flow, and
thus the’ thrust, approximately 5 percent above that of the baslc =
redesligned compressor.

INTRODUCTION

Preliminary performance tests of the XJ40-WE-6 turbojet engine
in the NACA Lewis altitude wind tunnel revealed a severe surge conditlion
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in the compressor at high equlvalent englne speeds. Avoldance of com~
pressor surge required a thrust reduction of approximately 20 percent
below the expected value. Almost simultaneously the same difficulty
weg reported by an alrframe menufacturer using thls engine 1n a
prototype alrplanse.

A program to incresse the surge-limlt pressure ratlo of the
XJ40-WE-6 englne wes immediately initlated. In view of the fact that
production had been started and & emell number of engines were already
in the field, the surge program was divlded into two dlstinct phases:
(a) to remove the thrust limitation resulting from compressor surge on
existing engines by compressor modifications that could be quickly and
convenlently incorporated on englnes in the field and (b) to provide,
for future production engines, a compressor conflguration cambining
good efficiency and sir-flow characteristics with a greater surge
mergin. The results of phase (a) are presented in reference 1 and
those of phase (b) are contained in this report.

The design analysis and interstage performance data of the
original compressor (reference 1) indicated that simple radilal
equilibrium requirements were not satlsfied in the 1lnlet and exlt
stages. A baglic redesign to satisfy these requirements called for
changes in the rotor-blade section angles. Simlilar concluslons had
been reached independently by the engine manufacturer prlor to the
altitude operation of the original compressor, and an engine which
included reslotted rotor disks was partially completed. This engine
was subsequently used as the basic test vehicle in this Investigation.

Several modifications were made to the redesigned compressor in
order to investigate the effects on over-all performance of the
various blade-angle adjustments considered to be beneflcial for
eliminating the high-speed surge problem, to lmprove the flow
distribution leaving the compressor, to take lnto account simple
radial equilibrium requlrements at Ilnlet and exit stages, and to
investigate the effect of discharge-flow reslstance on the compressor

surge limit. The methods which were considered for modifylng various

configurations of the redesigned compressor are as follows:

(1) Twisting rotor blades (in place) to change blade section
angles

(2) Inserting new stator diaphragms with different blade angles

(3) Modifying the second blade row of the outlet guide-vane
aggembly

(4) Opening the inlet gulde vanes
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Each configuration resulting from one or more of the above
modifications was successively evaluated, and its effect on perfor-
mance characteristlics was used to gulde the next modification. The
relative merit of each configuration was determined by its surge
limit and air-flow characteristics over a range of equivalent engine
gpeeds. A varlasble-area turblne-nozzle diaphragm, suppllied by the
englne manufacturer, permitted steady-state engine operation up to the
surge limit without exceeding turbine temperature limitations.

APPARATUS AND PROCEDURE
Description of Englne

The englne discussed herelnafter was designated as an
XJA0-WE-6 engine but differed apprecisbly from the initial pro-
duction version. When the englne was recelved from the manufacturer,
the rotor of the redesligned compressor dlffered firom that of the
original production compressor as follows:

(&) First rotor closed (unloaded) at tip and opened (loaded) at
hub

(b) Second rotor closed at tip
(c) Rotors 5 to 9 closed by reslotting rotor disks
(d) Eleventh rotor opened at hub and closed at tip

The design static sea-level performance of the production model was
7500 pounds thrust at an equivalent engine speed of 7260 rpm and a
turbine-inlet gas temperature of 1885° R, Compressor pressure ratlo
was 5:1 at an alr weight flow of 140 pounds per second. Main
components of the engine (fig. 1) included an ll-stage axial-flow
compressor, & single-annular combustor, a two-stage turbine, &n
exhaust collector, and & continuously variable clam-shell-type exhaust
nozzle. Primary control of the engine was accomplished electronically,
and emergency protectlon was provided by & hydraulic control. Over-all
length of the englne was 186 inches and the dry weight was 2981 pounds.
Height and width of the engine including accessories were 45.5 and
42.4 inches, respectively.

Alr ducting to the compressor conaslsted of two elliptical engine
inlets, one on elther slde of the accessory gear case, as shown in
figure 2. The alr passages Join to form an annulus approximately
2 inches shead of the inlet gulde vanes. A view of the compressor
with the top half of the casing removed 1s shown in figure 3. The
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ll-stage rotor was followed by two rows of outlet gulde vanes to provide
axlal Fflow into the combustor. During part of thls Investigation, a
"mixer" section, supplied by the engline manufacturer, was substi-
tuted for the second row of outlet guide vanes. The nlxer

consisted essentially of twisted guide vanes in which adJjacent

blades were twisted 1In opposite directions. The purpose of

the mixer was to intermix the hlgh-energy alr at the rotor tip wilth
the low-energy alr at the root in an effort to control radial tempera-
ture distribution at the turblne ilnlet., In addition to the standard
outlet guide-vane assembly and the mixer sectlon, a modified outlet
gulde-vane assembly was also used in an effort to lmprove the surge
1imit. The modified assembly conslsted of & standard assembly in
which alternate blades of the second blade row were removed to decrease
the solidity.

A variable-area first-stage turbine-nozzle diaphragm (fig. 4) was
algo supplied by the engine manufacturer. As will be dlscussed in
the sectlon Procedure, this proved to be an excellent research tool
in evaluating the surge 1limits of the varlous configurations quickly
end accurately.

Installation

Ag shown in figure 1, the engine was mounted on a wing spanning
the test section of the sltitude wind tunnel. Dry refrigerated air
was suppllied to the engine from the tunnel make-up alr systems through
a duct connected to the engine lnlet. Manually controlled bubterfly
valves in thls duct were used to adjust alr total pressures at the
engine inlet. A slip Joint with a frictionless seal was used Iin the
duct, thereby making possible the measurement of thrust and drag with
the tunnel socales.

Tnetrumentation for measuring pressures and temperatures was
ingtalled at various stations in the engine (fig. 5) to determine the
steady-state performsnce. A schematlc dlagram showlng the locatlon of
the instrumentation in the compressor is given in figure 6. A
traverse mechanlsm comprising 10 sonlc-type thermocouples (refer-
ence 2) was supplled by the engine manufacturer to determine the gas
temperature pattern at the turbine Inlet,

Procedure

Symbols and a method of calculation are given in appendices A
and B, respectively. The air flow through the make-up alr duct was
throttled from approximately sea-level pregsure to & total pressurse
at the engine inlet corresponding to the desired flight Mach number

GRRREREN T
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at a glven altitude. The statlic pressure in the tunnel test section was
meintalined to correspond to the desired altltude. Engine-lnlet-alr
temperatures were held at approximately NACA gtandard values corres-
ponding to the simulated flight conditlons, except for high altitudes
and low flight Mach numbers. No Inlet-alr temperatures below sbout

-20° F were obtained.

The original productlion engine configuratlon had surge character-
istice such thet 1t was necessary to operate at turbine-inlet tempera-
tures below military rated (1885° R) at high equlivalent engine speeds to
avold compressor surge. Consequently, 1t was posslble to determine the
compregsor surge limits simply by closing the exhaust nozzle at constant
englne speed until surge occurred. For later configurations, where the
surge limlt was above the limiting temperature operating line wlth the
gtanderd turblne area, the variable-area turbine nozzle was used to
allow operation up to the surge 1limit without encountering limiting
turbine temperature. The data of figure 7 illustrate the large changes
in compressor pressure ratio which could be obtained at constant engine
temperature ratio by changing the turbine-nozzle area. Although not
shown, the varlable-area turbine dlaphragm could be closed much further
to provide high compressor pressure ratlos at the low englne temperature
ratios.

Most of the data were obtalned at equlvalent engine speeds between
4800 and 8000 rpm at an altitude of 30,000 feet and a flight Mach
number of 0.64. In addltion, surge data were obtained on several
configurations at altitudes of 15,000 and 45,000 feet at a flight
Mach number of 0.21 to determine the effect of varying flight condition.

For the final compressor configuration, steady-state performance
maps were obtained at a flight Mach number of 0.64 for altitudes of
15,000, 35,000, and 45,000 feet and at a flight Mach number of 1.00 for
an altitude of 35,000 feet. Five fixed posltions of the variable-aresa
exhaust nozzle were used for each flight condltion, and equivalent
englne speed was varied from 4800 to 8000 rpm.

COMPRESSOR REDESIGN AND MODIFICATIONS
Compressor Redeslgn

The compressor of the XJ40-WE-6 turbojet engine was an ll-stage
unit having & rotor tip dlameter of 32.14 inches and an inlet hub-tip
retio of 0.6. It was initially designed to handle a specific alr
welght flow of 24.2 pounds per second per square foot at a pressurs
ratio of 4.6:1 and a speed of 7260 rpm. Mlsmatching between the
compressor and turbine was encountered at the start of the development
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program, and the compressor stator and rotor blades were reset by the
manufacturer so as to shift the deslgn point for the original production
engine to a pressure ratio of 5:1 and the specific welght flow to

24.8 pounds per second per sguare foot.

The analysis of the design of the compressor, as glven in refer-
ence 1, indicated that radial equilibrium requirements were not satisfied
in the inlet and exit stages. Neglect of radial equllibrium conditlons
at the inlet resulted in the first rotor tip sectlion stalling and the
hub section approaching a turbining conditlon at design speed. The
subject compressor is a redesign of the compressor discussed 1ln refer-
ence 1 to satiafy more closely radilal equilibrium requirements. The
blade-angle settings in the first rotor were changed so that the hub
section was opened approximately 3° and the tip section was closed
approximately 4°. This change loaded the hub section and unloaded the
mean and tip sections. The rotor of the second stage was twlsted
cloged at the tlp approximately 4° so that this section was unloaded
while the hub-section angle remained unaltered. The stator changes
required to satisfy radial equilibrium requlrements in the first
three stages of the compressor were not incorporated in the original
build-up of the compressor but were lncorporated in the compressor
modifications. The rotors of the fifth to ninth stages were all
unloaded by resetting the blades in the root fastenings approximately
3° to 59, (The investigation of reference 1 indicates that the hub v
gections of the seventh and eighth stages were stalled.) The
eleventh-stage rotor was loaded by approximately 3° at the root mection
and unloaded by aboub 3° at the tip section. All remaining blede
rows were identical with those of the standard configuration of refer-
ence 1. These changes completed the baslc redesign of the compressor,
designated hereinafter as configuration A.

2702

Compressor Modiflcatlons

As shown by the analysis of compressor off-design performance of
reference 3 and other experimental lnvestigations, the operational
characteristics of axial-flow compressors are such that, at speeds
below design speed, the inlet stages of the compressor operate at
extremely high angles of attack and thus stall while the exit stages
operate at low angles of attack near the turbining region. At speeds
above design speed, however, the inlet stages cperate near the
choking or turbining region, while the exlt stages operate at high
angles of attack and approach a stalled condition. Thus, Improve-
ment in the hlgh-speed surge limlt of an axial-flow compressor
requires that the exit stages of the unit be unstalled or that the
angle of attack be reduced on these stages. Reducing the angle of -
attack can be acccomplished to some extent by adjusting stator - or
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rotor-blade section angles in the direction of unloading the rear end
of the compressor. However, references 1 and 3 Indicate that the
effects of such changes are usually small. In addition to unloading
the rear stages of the compressor, loading the inlet stages of the
compressor by blade-angle adJjustment might also Increase the surge-
limit pressure ratio at high speeds. It would be expected that such
modifications would seriously hurt the low-speed surge characteristics
of the compressor because the front end of the compressor would be
operating at even higher angles of attack than originally and the
exlt stages would be even further into the turblning regilon.
Actually, a change in compressor weight flow and a shift in axlal-
velocity distribution accompanies the changes in blade-angle setting
so that conditions at speeds below design speed are not as seriously
aPfected as might be expscted.

Thus an attempt was made to increase the surge-limit pressure
ratlio of the redesigned compressor at high equivalent speeds by means
of additional modifications to unload the rear half of the compressor.
The various conflgurations resulting from these modifications are
listed in table I. Configurations A and B were directed toward
satlefying radial equillibrium requirements in the inlet stages. Con-
figuration C was an attempt to satlsfy more closely radlal equilibrium
requirements in the exit stages. In configurations D and E the hub
and tilp sections of the last two stages were unloaded by different
amounts 1n an effort to determine whether the hub or tip sectlons of
these stages were most critically loaded at high equivalent speeds.

A reduced-solidity outlet gulde vane was used in configurations F

and G to determine the effect of low solldlty, or decreased resistance,
on the high-speed surge limit., The inlet gulde vanes were opened 5°
in configuration H in an effort to further load the first rotor hub
and increase the alr flow. Conflguration I again unloaded the last
two stages at high speeds and configuration J evaluated the effect

of the mixer on the surgs limit. Configuratlon K evaluated the
relative merit of the modified and production stators in the first,
second, and third stages. Conflguration L was an attempt to improve
the turblne-inlet temperature distribution by improving the flow

distribution out of the compressor. The final configuration (M)

resulted from configuration J in which the variable-ares turbine-
nozzle diaphragm was replaced with the fixed-area production-nozzle
diaphragm.
RESULTS AND DISCUSSION
Performance of Basic Redeslign

Design and experimental pressure-ratlio distributions are presented
in figure 8 for several stages of the rodesigned compressor. The

TONEEENTIAL
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excellent agreement obtalned for the first stage indilcates that the hub *
turbining condltlons discussed in reference 1 have been reduced at
deslgn speed. At speeds above design, however, the hub is probably
8tlll turbining because of the reduced angle of attack on the first _
stage as speed 1s increased. Although the first-stage distributions
agree very well, the measured pressure rise in later stages is
noticeably greater than the design values. This difference in pressure
ratio Increases progresslvely through the compressor so that at the
eleventh-stator inlet the actual average pressure ratio is 5.15:1 while
the design pressure ratlo 1s 4.65:1. The increased loading in the
later stages 1s dueé partly to the increased loading in the Ffirst stage
resulting from the resetting of the first rotor and partly to the -
resetting of the £1fth to ninth stages. These resettings appear to have _
reduced the stalling problems in the seventh and eighth stages dis-

cussed in reference 1.

2702

The surge limit of the redesligned compressor is presented in -
flgure 9 on the basis of equivalent englne speed. Data obtained for
fiight Mach numbers of 0.64 and 0.21 at altitudes of 30,000 and
45,000 feet, respectively, indicate that altitude has little effect
on the surge limit. For comparison, the surge limits of both the
orlginal productlon compressor and the best modification of the
original compressor (reference 1) are also shown. Although a critical
comparison of two different builld-ups of the same model englne (con-
figuration A and origlnal compressor) is not entirely valld, figure 9
Indicates that the redesigned compressor has a desirable surge limit.

Effect of Modifications on Performance

The effects of the varlous modlfications on the surge limit and
alr flow of the IJ40-WE-6 redesigned compressor are summarized in the
bar graphs of figures 10 and 1l. For comparison, a bar for the best
modification of the original compressor (reference 1) is also included.
Surge pressure ratlos are presented for equivalent englne speeds of }
8000, 7260 (rated sea level), 7800, and 8000 rpm in Ffigure 10, while
the compressor-alr welght flows are shown in figure 11 for equivalent _
engine speeds of 7260, 7800, and 8000 rpm. Alr flows for configura-
tion B asre not presented because lcing conditions on the instrumenta- _
tion resulted in inaccurate measurements. TUp to configuration H the
effectes of the modliflcations on the performasnce of the basic
redesigned compressor are small, . -

A description of the varlous configurations resulting from one _
or more modlflications and a dlscussion of the effect of each
modification on compressor performance are glven in the following .
paragraphs.
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Configuration A. - The redesigned compressor as recelved from the
manufacturer was lnstalled in the engine with the productlon outlet
guide-vane assembly and the variable-area turbine-nozzle dlaphragm.

Both the stage-pressure-ratio distributions (fig.8 ) and the data
of reference 1 indicate that satisfylng radlal equilibrium require-
ments In the inlet stages permlitted & close approximation to design
gpecificatlions.

Configuration B. - With the redesigned rotor, the first, second,
and thlird stators were modified for configuration B as shown in table I.
These stator changes comblned wilth the angle settings of the first two
redesligned rotors epproach the simple radlasl equllibrium requirements
in the inlet stages. The relatively small changes in performance
affected by these modifications indlcate that the rotor-angle changes
approximated the deslred flow conditlions closely enough that the
stator changes were unnecessary.

Conflguration C. - With the stators of conflguration B the
ninth- and eleventh-stage rotor tips were twisted open 3° and 6°,
respectively, in an attempt to satisfy more closely the radial
equlilibrium requirements in the exlt stages. As hasg been pointed
out In the sectlion Compressor Modifilcatlions, such modificatlons
might be expscted to improve the low-speed performance of the com-
pressor but to aggravate the high-speed surge problems. Thus con-
figuration C provided an appreciable increase in the surge limit at
equivalent speeds below 7800 rpm but had only a negligible effect on
the surge limlt above this speed. Although the surge pressure ratio
at 7800 and 8000 rpm (fig. 10) is almost the same as for configura-
tion A, the weight flow (fig. 11) has been increased slightly so that
& plot of surge pressure ratlo against welght flow would indicate s
8lightly reduced surge pressure ratlo at & specified weight flow.
At low speeds, however, the pressure ratio and weight flow are both
Increased so that the change In the surge line, on a pressure-ratio -
welght-flow basis, would probably be negligible. ZEasrlier lnvestigations
have proved that such modifications will result in slightly improved
efficlencles at low apeeds. Thus, the only benefits to be derived from
configuration C would be & slight increase in effilclency or acceleration
margin at low equlvalent engine speeds. The decrease in surge-limit
pressure ratio as a function of weight flow at speeds above design
eliminated this configuration from consideration as an engine "fix."
The fact that loading the tips of the ninth and eleventh rotors dilad
not decrease the high-speed surge limit indlcates that these sectioms
were not critically loaded, and thus were not stalllng, in the
redesigned compressor (configuration A) at the high equivalent speeds.
Because the performance at high speeds 1s practically unaffected by
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these modifications, it appears that the tip sections of these rotors
are operating near the peak-pressure-ratio points of thelr section
performance curves, where changes in performance with angle of attack
are small.

Conflguration D. - In configuration D, the ninth- and eleventh-
stege rotors were reset to the redesigned angles and the ninth- and
tenth-stage stators were cloged 6° at the hub in order to unload the
last two compressor stages at hligh speed. This modification resulted
in a slight Increase in the surge-limit pressure ratio over that of
configuration C at high equlvalent speeds. However, at speeds of
7260 rpm and below, both the surge pressure ratio and the alr weight
flow decreased appreciably. In general, this follows the trend
expected by unloading the exlt stages of a compressor. The reduction
in the surge-limit pressure ratio at speeds below 7260 rpm appears
sufficlent to reduce seriously the acceleration margin. This
modification combined wlth the ones in configurations C and E was
an attempt to determine whether the hub or tip sections of the exit
stages were most critical with respect to the high-speed surge line.

Configuration E. - The stators of configuration E were the same
ag those of configuration B with the exception of the ninth and

tenth stages, which were closed 3° at both the hub and the tip section.

This modlfication unloaded the hub sections of the tenth and eleventh
rotors less than that of conflguration D but aleo unlosded mections
near the tip slightly. DPrevious calculations have Indicated that
resetting a row of stator blades a constant emount from hub to tip
alters the angle of attack on the followlng rotor more at the hub
than at the tip section.

This configuration (E) resulted in a small incresse in the surge-
limit pressure ratio at speeds above 8000 rpm. The alr flow increaged
slightly at speeds of 7260 and 7800 rpm and decreased slightly at
8000 rpm. Although the low-speed surge line, on the basis of
pressure ratlo agalnst air flow, would be essentlally unaltered, the
matching between the compressor and the turbine would be detrimsntally
affected. The decrease in efficlency caused by such a modification
would be reflected in a reduction in the stable operating margin at
the reduced speeds. A comparison of configurations C, D, and E
indicates that the hub sectlon of the exit stagss 1s the most
critically loaded sectlon at high equivalent speeds.

Configuration F. - For configuration F, a modified outlet gulde-
vene asgsembly was Instelled in the engine wilth the redesigned rotor
and the stator vane assemblies of configuration B. The modified
outlet gulde-vane assembly consisted of a standard outlet assembly
wilth alternate blades of the second blade row removed. This

2702
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modification was used to determine the effect of low solidity, and hence
decreased resistance, on the high-speed surge limit. The investigation
of reference 1 indicates that the mixer assembly effected an appreciable
Increase in the surge pressure ratio at high speed. The increase was
believed due to a change in the reslstance and effective volume of the
systen.

The effect of the reduced-solldity outlet gulde vane can be deter-
mined by comparing configurations F with B and G with E. The net
effect of the reduced-solidity, and hence reduced-flow resistance, outlet
gulde vanes depends on the flow distribution leaving the compressor.
When used with the blading of configuration B, the reduced-solidity
outlet vanes (configuration F) resulted in an increase in surge
pressure ratlo over the entire range of engine speeds.

Configuration G. - Configuration G was & rerun of configuration E
with the standard outlet gulde venes replaced by the modified assembly.
The purpose of this modification was to evaluate the effect of a low-
solldity outlet on the high-speed surge limit. Both the surge-limit
pressure ratio and the alr flow were reduced over the entlre speed
range as compared with conflguration E, except that the surge limlt at
8000 rpm was unaffected.

Configuration H. - Configuration H 1s the same as configuration F
wlth the exception of the inlet gulde vanes which were opemed 5°. Ag
pointed out in the section Performance of Basic Redesign, the agreement
between the design and actual pressure-ratio distributions within the
compressor Indlcated that conslderation of radial equilibrium and the
loading of the first rotor hub were of primary importance. However,
to prevent the hub sectlon of the flrst rotor from turbining at speeds
above design and to increase the air flow at high engine speeds, the
inlet guide vanes were opened 5°, thus loading the first rotor hub
8t111 further. The effect of this modification was to increase the
alr flow appreclably at design speed and above, as compared wilth
configuration F, and to increase the surge-limit pressure ratio at
equlvalent speeds above about 7600 rpm.

The effect on compressor performance of opening the irlet guide
vanes ls greater than any other modification and is in the desired
direction. The improvement can be explained by considering the stage
performance curves obtained from the interstage data for the first,
fourth, eighth, and eleventh stages (fig. 12) and the calculations of
the velocltles after the inlet guide vanes for both the production and
the opened vanes. In figure 12(a) data are presented glving the
stage performence for stages 1, 4, 8, and 11 plotted as stage pressure

EEE—-911EEL for
Us/~/61

coefficlent T;Y/U,? against the Flow parameter
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configuration E; and in figure 12(b) data are presented showing the -
same parsmeters for conflguration HE. These parameters are dlscussed
and derived in detall in reference 3. They serve as a convenient
means of syntheslizing the performance of any stage of a compressor
over & wide range of gpeeds. An exact evaluation of the effects of
the inlet-gulde-vane adjustment alone would require & comparison of -
conflgurations F and H. However, such a comparison could not be
obtalned, because only limited Interstage data were available for
configuration F. Inasmuch as the effects of all previcus modifica-
tions are generally amall, the comparison of configuration E wilth
configuration H 18 consldered to glve a reasonable indicatlon of the
effect of the guide-vane adjustment.

2702

Calculatlions of the velocity after the inlet gulde vanes, basged
on simple radial equilibrium and on the assumptlon that the air
leaves at the tralllng-edge angle, indicate that the angle of attack
at the flrst rotor tip is practlically unaffected by the inlet-guide-
vane resetting, largely because of the change in welght flow
accompanying the resetting. The hub section of configuration H,
however, 1ls operating at an angle of attack approximately 4° greater
than that of configuration E at any glven speed. Thils increased
loading may be observed by comparing the flrst-stage performence
curves of figures 12(a) and 12(b). At high equivalent engine speeds _
(7100 to 8000 rpm) the first stage of conflguration E (fig. 12(a)) is .
operating at & pressure coefficlent of approximately -0.5, whlch
indicates a turbining condition. Although part of this negative
preasure coefficient 1s due to pressure losses ln the inlet duct
system and the Inlet gulde vanes, the losses are belleved to be
small. Decreasging the gulde-vane turning by 5° in configuration H
(fig. 12(b)) results in & pressure coefficient for this stage of
approximately 1.0 for speeds of 7200 to 8000 rpm. Thus the reduced
guide-vane turning has caused the first rotor hub section to change
from & negative pressure coefflcient, or turbining condltion, to a
posltive coefficient or pressure-rise condition at high equilvalent
speeds. In addition to the hub loading, the gulde-vane modification _ _
causes an Increase in the tip relative Mach number. Thus, part of
the increase in pressure coefflclent at the high speeds is due to
Mach number effect. The hub loading also causes the peak pressure
coefficient (which occurs at a speed of approximately 4500 rpm) of
the first stage to ilncrease from approximately 1.5 (configuration E)
to 2.5 (configuration H). AdJjustment of the inlet-gulde-vane angle
increased the flrst-stage pressure ratic over the entire equivalent
speed renge. The pressure coefflclents of the fourth, elghth, and
eleventh stages for hoth configurations E and H remaln almost the same. _
Thus the increase 1n over-all compressor pressure ratlo appears
principally due to the Improvement 1n the flrst-stage performence. .
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Another lnteresting point to be noted in the stage performance
plots of figure 12 1s that the fourth stage appears to be stalled at
eguivalent speeds below approximately 7000 rpm. Thus any low-speed
surge problems could probably be attributed largely to stall in this
stage or in neighboring stages of the compressor.

Evidence that the exit section of the compressor instigates the
high-speed surge problems may be seen by inspection of the eighth- and
eleventh-stage performance curves of figure 12(b). This is indicated
by the peaking of the characteristic curves of these stages.

For configuration E (fig. 12(a)) the eighth stage appears to stall
at equivalent speeds above approximately 7800 rpm and the eleventh stage
at equlvalent speeds above about 7900 rpm. For configuration H
(fig. 12(b)) the eighth and eleventh stages appear to stall at
equivalent engine speeds above approximately 7500 rpm. Exact
determination of the stall aspeed 1s not possible because of the
scatter of the data.

Configuration I. -~ The ninth- and tenth-stage stator changes of
configuration D (unlcading the tenth and eleventh rotor hubs) were
Incorporated with the opened inlet gulde venes of configuration E in
en attempt to increase the surge limit still further (configuration I).
By comparing the performance of configurations I with H and D with B,
it may be seen in figures 10 and 11 that thils modification had
practically the same effect on the campressor with the modified inlet
and outlet guide vanes as it had on the compressor with the production
guide vanes.

Configuration J. - Configuration J is the same as configuration H
with the exception of the outlet guide-vane agsembly, which was
replaced with the mixer assembly in order to evaluate the effect of
the mixer on the surge limlt. A comparison of the performance of
configuration H with J indlcated that the effect of the mixer is
approximstely the same as that reported in reference 1. Both the
surge pressure ratio and the weight flow increased at high equivalent
speeds, but the pressure ratio decresased at a speed of 6000 rpm. A
similar effect was noted at high equivalent speeds when the solldity
of the second row of outlet guide vanes was reduced by one half
(configuration F), thus indicating that the resistance has =a
noticeable effect on the surge-limlt pressure ratio.

Conflguration K. - In configuration K the modified stators in
the first, second, and third stages of configuration J were replaced
with the production stator assemblies umed in configuration A. This
modification was made only to evaluate the relative merit of the
modified and production stators, since a minimum number of blade
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changes were desirable from a production standpoint. The effect of
replacing the first three modified stator rows with production dila-
phragms was to Increase the surge limlt slightly at speeds above
design and to decrease 1t sllghtly at deslgn speed and below. The
alr flow decreased only slightly at 8000 rpm but decreased very
appreclably at design speed. These resulis are consistent with those
obtained wlth configurations B and A.

Configuration L. - Although 1t was reallzed that loading the exit
stage mlght have a large detrimental effect on the high-speed surge
condition, the eleventh rotor tip was twisted open 6° (conflguration I)
in an attempt to improve temperature dlstribution at the turbine
inlet by Improving the flow distribution out of the compressor. The
production stators of stages 1, 2, and 3, which were used in con-
figuration K, were replaced with the modified stators used first in
configuration B. These modifications increased the surge-limit
pressure ratlio at design speed but seriously reduced both the surge
limit and the welght flow at equivalent speeds above design, as would
be expected for a stalled exlt stage.

Configuration M. - The eleventh-stage rotor was reset to the
redesigned sectlion angle to recover the loss in surge pressure ratio
caugsed by the preceding modification, and the variasble-area turbine-
nozzle diaphragm was replaced wlth the production turbine. This was
the final confilguration (M) and was used in the subsequent performance
evaluation. Ae shown on the bar charts of figures 10 and 11, the surge-
limlt pressure ratlos and alr welght flows are the same as those of
conflguration J, although the surge limit of configuration M could
not be obtalned by steady-state operation, as in the other configura-
tions, because of the fixed-area productlon turbine-nozzle diaphragm.
Because the only difference between configurstions J and M was the
turbine-nozzle area, the compressor surge limits were presumed to be
identlcal. Similarly, the welght-flow data obtalned with confilgura-
tlon M were used to substantiate the limited air-flow data obtained
with configuration J.

The surge-limlt pressure ratlo of the configuration M compressor
is plotted as a function of equivalent engine speed in figure 13. Data
were obtained for two different flight condltions, and the effect on
the surge limit was negliglble. For comparison the surge limit of
the redesigned compressor (configuration A) is shown by the dashed
line. It is evident that the modlfications of configuration M sub-
stantially increased the high-speed surge limit over that of the
redesigned compressor.

In additlon to the surge limits, the military-rated operating

lines (turbine-inlet temperature of 1885° R at an equivalent englne
speed of 7260 rpm) of the respective configurations are alsc shown.

T

20L3 »
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Although the military-rated operating line of configuratlion A doss not
intersect the surge line in the range of engine speeds shown, the
margin between them decreases rapldly at speeds above 8000 rpm. A%
inlet-alr temperatures lower than about -60° F (N/1/§ = 8300 rpm),
compressor surge would probably be encountered and thus impose a
thrust reduction on the engine. At lnlet-air temperatures of approx-
imately -32° F (N/+/6 = 8000 rpm), the margin between the operating
1lne and the surge 1limit may be lnsufficlent to prevent compressor
surge when transient disturbances, such as lighting an afterburner,
ere lmposed on the engine. Conflguration M sliminates this adverse
relation because of the substantlal increase obtalned In the margln
between the millitary-rated operating line and the surge limit.

Compressor Performance Maps

Pending sea-level static performance tests by the manufacturer,
the engine hereln with the configuration M compressor and an after-
burner ls considered to be a prototype of the J40-WE-8 turbojet engine.
Consequently, the performance of this prototype engine without after-
burner was extenslvely evaluated over a wide range of flight conditions
and engine speeds for five fixed positions of the variable-ares exhaust
nozzle, The data of this evaluation were used to comstruct the com-
pressor performance maps shown In figure 14 for a flight Mach number
of 0.64 at altitudes of 15,000, 35,000, and 45,000 feet and for a
flight Mach numbser of 1.00 at an altitude of 35,000 feet. In each
map the surge limit was determined by extrapolating curves of constant
speed from the steady-state operating lines to the surge-limit pressure
ratio at that particular speed. Constant-gpeed lines and efficlency
contours were determined by cross-plotting data obtained over a range
of engine speeds for several fixed positlions of the variable-ares
exhaust nozzle. Although good agreement:of the surge limits on a
wolght-flow basls was obtained for each flight condition, the precise
location of the surge limit may be questionable because of the large
extrapolation required from the pressure ratlo obtained with the
smallest exhaust nozzle to the surge-limit pressure ratio., Operating
linesg for five fixed positions of the varlable-srea exhaust nozzle
are superimposed on each compressor map.

It may be noted in figure 14 that the region of maximum compressor
efficlency lles appreclably below the surge limit for all flight
conditions. Thils characteristic is unusual in that peak efficiencies
for most full-scale compressors are obtained much closer to the
surge limit (references 4 to 6). At 15,000 feet a peak efficiency
of 0.85 occurred at equivalent engine speeds between approximately
67 and 98 percent of rated speed. As the albltude was increased
to 35,000 feet, the reglon in which the efficlency remained abovs
0.85 extended over a smaller speed range. At 45,000 feet (fig. 14(c))



16 WENFIDENTIAR NACA RM ES52I10

the pesak efficliency dropped slightly to 0.84 and extended over a still
smaller speed range. Thus it appears that as the Reynoldsg number
decreased (as altitude increased) the reglon of peak efficiency moved
to progressively higher equlvalent speeds while the wvalue of peak
efficlency decreased slightly. The effect of decreasing efficiency

on the performance wes to shift the engine operating line for a given
exhaust-nozzle area upward with respect to the surge limit. Thus, for
a particular engine speed, the acceleration margin is decreased at
high altitude, even though the surge-limit pressure ratlo remainsg
esgentlially constant with altitude.

The effect of increasing the flight Mach number from 0.64 to 1.00
at an altitude of 35,000 feet may be seen by comparing ths performsnce
maps of figures 14(b) and 14(d). The region of maximum compressgor
effliciency decreased to & smaller gpeed range and the engine operating
lines were moved to lower compressor pressure ratios. As a result, the
optimum~size exhaust nozzle, with respect to peak compressor efficleney,
decreased; and the acceleration margin Increased.

Effect of Final Conflguratlon on Engine Performance

The effect of the configuration M compressor modificatlone on the _.

performance of the redesigned compressor (configuration A) 1s shown in
figure 15(a). Ratios of net thrust and air flow are plotted against
equivalent engine speed for configuration M compared with configura-
tion A, Both net thrust and alr flow were increesed approximately

5 percent. The lncrease 1n thrust is primarily due to the lncrease

in air flow which resulted from opening the inlet guide vanes 5°.

The combined effects of the baslc redeslgned compressor and the
additlonal configuratlion M modificatlons on the performsnce of the
original production engine are shown in figure 15(b). Ratios of net
thrust and alr flow are plotted agalnst equivalent engine speed for
the final configuration (M) of this report compared with the original
production engine (reference 1). At an equivalent engine speed of
7260 rpm (sea level rated), the over-all increase in thrust is only
about 1 percent, which is primarily due to an.equivalent increase in
alr flow. However, at hlgher equivalent speeds the thrust ratio
increases rapldly primarily because of the removal of the compressor
surge limitation which had penalized the performance of the original
engine. Thus, at an equivalent engine speed of 8000 rpm the thrust
of configuration M 1s approximately 20 percent greater than that of
the original engine.

»
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CONCLUDING REMARKS

The results of the Investigation presented in this report have
shown that a baslcally redesigned compressor to satisfy more closely
simple radial equilibrium requirements in the inlet and exit stages
markedly increased the compressor surge limit of the original XJ40-WE-6
engine at high equivalent speeds. The use of a mixer assembly at the
compressor discharge also increased the surge limit slightly with no
noticeable effect on the thrust. Opening the inlet gulde vanes 5°
increased the alr flow sbout 5 percent above that of the basic
redeslgned compressor and resulted in approximately the same increase
in thrust.

Complete compressor performance maps of the final configvration
were obtalned for four different flight conditions. Altitude and
flight Mach number had little effect on the compressor surge limit,
but a slight drop in efficlency due to Reynolds number effect
decreased the acceleration margin sllightly at high altitudes.

Lewls Flight Propulsion Laboratory
Natlonal Advisory Committee for Aeronautics
Cleveland, Ohio
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APPENDIX A

SYMBOLS

The following symbols are used ln this report:

K, K'

N/~/6

Po

specific heat of air, 0.24 Btu/(1b)(°F)

specific heat of exhaust gas, Btu/(1b)(°F)
net thrust, 1b

fuel-alr ratio

gravitational congtant, 32.2 ft/secz
constants

engine rotationsal speed, rpm
sea~level equivalent speed, rpm
total pressure, lb/sq ft abs

amblent altitude pressure, lb/sq ft abs

radius, in.

total temperature, °R

gea-level equivalent total temperature, °r
blade speed, ft/sec

effective Jet velocity, £t/sec

fllght speed, ft/sec

alr welght flow, lb/sec

exhaust-gas welght flow, Wg(l + £/a), 1b/sec

sea-level equivalent weight flow, 1b/sec

NACA RM E52I10

2702
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7-1
P Y
Y pressure functlon (ff) -1
V4 isentroplc exponent
7a ratio of speciflic heat for air
g ratlio of speclfic heat for exhaust gas
Ah, enthalpy rise through compressor, Btu/lb
Ahy enthalpy drop through turbine, Btu/1b
e} ratio of total pressure to standard sea-level pressure
Ne compressor adiabatic efficiency
My turbine adiabatic efflciency
e ratio of total tempersture to standard sea-level temperature
Subscripts:
a alr
c compressor
g exhaust gas
i inlet of stage or section
J Jet
n net
o] outlet of stage or section
t rotor tip section, turbine
0 ambient
1 cowl inlet
2 engine inlet
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3 compressor inlet

4 compregsor dlschargs
5 turbine inlet

6 turbine outlet

7 exhaust nozzle

2702
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APPENDIX B
CAICUIATION OF IDEAL NET THRUST

During initial performance tests of the orlginal configuration,
unexpected compressor surge at high equlvalent englne spseds resulted
in minor damage to the tunnel scales. Hence the thrust readings could
not be considered reliable. TIn later tests of other configurations,
thrust data were not obtained at rated conditions because limiting
turbine-inlet temperatures could not be malntained.

In order %o compare Iimpartially the performance of various con-~
Plgurations at rated conditions, 1t was necessary to rely on calculated
values of net thrust. Although the magnitude of such calculated
thrusts may be slightly in error, the use of ratios for a comparison
is reliable. A furtber check of the calculated thrusts was made by
extrapolating the altitude porformance data to limlting turblne
temperatures. The calculated values agreed with the extrapolated
experimental data within 3 percent.

Net-thrust ratios of the Final configuration (M) to the redesigned
compressor (configuration A) and of the final configuration (M) to the
original production engine (reference 1) are presented In figures 15(a)
and 15(b), respectively. The values of 1ldeal net thrust used in this
flgure were obtained by the following method of calculation.

By assuming choked flow through the turblne for equlvalent englne
speeds greater than 7000 rpm, the continulty eduation may be used to
obtain the following relation:

K Ve, [T
5 Vo _
Ps

(&

If the gressure drop through the combustlon chamber is considered
constant, equation (1) may be expressed in terms of equivalent air
welght flow, turbine-Iinlet temperature, and compressor pressure ratio
as

(1)

Wan/6 I5
5 & _x (2)
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Since englne performasnce is evaluated from station 2 (engine inlet),
the compressor pressure ratlio ls consldered to be from statlon 2 to
station 4.

An average velue of the constant K was determined from experi-
mental data obtained at several high equivalent engine speeds. At
actual rated engine speed N of 7260 rpm, 8 was calculated for
equivalent engine speeds N/q/g of 7000, 7200, 7400, 7600, 7800, and
8000 rpm. Values of equivalent weight flow 'WA-JEVS at the above
equlvalent englne speeds were obtained from falred curves of experl-
mental data. The turbine-inlet temperature Tg was assumed limiting

at 1885° R (mannfacturer's specification), end the compressor pressure
ratio Pu/P;, was calculated from equation (2).

With the pressure ratio known, the actual work of compression per
unit welght flow may be calculated from -

73-1._

P 7a
4
Cp,al2 (ﬁ;) -1 (3)

c - T]c

where compressor efficlency 1, is obtained from experimental dats.

Ah

With the enthalpy rlse across the compressor assumed equal to the
enthalpy drop across the turbine, the turblne-outlet temperature Tg

may be calculated from

W
Ah, = Ahy = Wf cp,g(T5 - Tg) (4)

where wg/wa = (1 + £/a) and the fuel-air ratio is assumed equal
to 0.015.

The turbine-outlet total pressure Pg may then be calculated as
follows:

g

y =1

Tg\ 8
l_._.
Pr =P 1- ____Eﬁ (5)
8 5 Nt

where the turbine efficlency ny 1s obtalned from experimental data,
and the turbine-inlet total pressure Pg 1s assumed to be 95 percent

2702
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of compressor-discharge total pressure. Fram Pg, the effective jet
veloclty VJ’ efp Was calculated with an ambient altitude pressure Po
(628 1b/sq £t abs at 30,000 £t) for a 7g ©of 1.3.

The actual welght flow W, was calculated from the equivalent weight

flow Wg-/6/8, where & corresponds to engine-inlet conditions at a

flight Mach number of 0.64 at an altitude of 30,000 feet; and 6 was
determined at an actual engline gpeed of 7260 rpm for sea-level equiv-
alent engine speeds of 7000, 7200, 7400, 7600, 7800, and 8000 rpm.

The net thrust was then calculated by subtracting inlet momentum
from the Jet thrust

_Yg¥y,0e2  Ma¥o

F
n g g
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TABLE I - ENGINE CONFIGURATIONS

NACA RM E52I10

E\‘edesign, baslc redesign of origlnal production compressor; M, modified by removal
of alternate blades in second row; P, production; V. A., variable area]

Config- Compresaor stages 1 to 10 --| Outlet gulde-| lst-staget Inlet
uration Rotors Stators vane turbine guide
asgembly diaphragm| vanes
A Redeslign Production P V.A. P
i Redesign Stage Hub Mean Tip P V.A. P
1 1.8 -2.5 -3.4
2 3 - ,2 2.0
3 ~1,6 1.6 -2,3
c Open 11%® rotor 6° at tip|Seme as B - P V.A, P
Open 9th rotor 3° at tip
D Redesign Same as B except gt P V.A, P
and loth-stage
statars closed &°
at hub. No change
at tip. .
E Redesign Same &s B except gth. P V.A, P
and lOth-s’oage
stators cloged 3°
at both tip and
hub.
b Redesign Same as B - M V.A. P
G Redesign Seme &8 E M V.A. P
H Redeslgn Same as B M V.A. Open 5°
I Redesign Seme as D M V.A. Open 5°
J Redesign Same as B Mixer V.A. Open 5°
K Redesign Production Mixer V.A. Open 5°
L Open 11%E rotor 6° at Seme as B Mixer V.A. Open 5°
tip
M Redeslgn Same as B Mixer P Open 5°

8’J&Iegtad::(.ve angles indicate decreasing angle between bladé chord and tangential direction.

20L2 -



b A

»
o diF PURG

~Exhags( | el

Extiurl

| cellactor J'.;ﬂi;..'

Flgure 1. - XJ40-KE-

6 engine installed in altitude wind tunpel.

1%

OTIZSH W VOVN

s2




26

BAHFTDENTEAR

NACA RM E52I10

Pigure 2. - Compressor-inlet duct section.
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Figure 5. - View of compressor with top half of casing removed,
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Filgure 4. - Schematic sketch of variable-area turbine-nozzle
actuating mechanism.
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Stetion 2 Typlcal interstage statlon
Engine inlet

O Total pressure
® Temperature
® Static pressure

Station 4e Station 4
Inlet to llth-stage stetor Compressor dlscharge

Figure 6. - Schematic dlegram showing location of instrumentatlion
at several compressor statlons.
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Flgure 9. - Surge limit of redesigned compressor (configuration A) compared with original
compressor and best modification of original compressor (reference 1).



NACA RM ES52I10

34

2702

B

Ref- A
erence

NNy 7474 4 A Y,
N 00, 77070720 77777757 202
B i////z?///&% D7 000 070770 7 277
DRI I AL A
AMINIRIN I 0 0 2
"/W//j%//, A4 A TN,
GBI A o T U
G A i e o,
W U A0 0 T A o o0 %
2007007070770,
U A T I A 74 %
JIN0070072
AR
m 8 - Y AU 4 A A oY i
EEESETes |8 g
- |88 ! L 1 I | A_‘ J

Nm\¢m ‘qrupr eB.me J0886xdWOo 38 OT3RX eanegexd-1wq0T

1

Compressor confiéuration

Surge-limit pressure ratio

Pigure 10. - Surge-limit pressure ratlos or varlous compressor configurations.

Altitude, 30,000 feet; flight Mach number, 0.64.
for conflguration L not cobtained at an equivalent engins speed of 6000 rpm.



35

KACA RM ES52I10

Yuypol juemmaysUT JO —f
69NBO0q 69BINOOBUT EMOT] LIV

T T T h =
A A N
I I I T hHt s
MMl his 5
VNN ity H
%7%/////////7/// ®
l%////////%///// M

T T &

%y T
DA\ o

A B

Ref-
erence

AMLIITININ
- H 8o AT
: E53 TR [8-2 2
HE e |8 & x
=) 1
73 ¥ 3 3 m 8 5 8

oes/qT .D\M\(uz ‘MOTI JT® JUeTBATNDE

012

Compressor conflguration

Altitude,

Welght flows for configurations F and L

below 7800 rpm.

ngine speeds

- Equiwalent air flows of varlous compressor conflgurations.

000 feet; flight Mach number, 0.64.

not obtalned for equivalent e

Figure 11.
30,



36 SONFIDENTIM, NACA RM E52I10

5%10™°
Stage
o 1
o
6861 o g
7870
. 6500~g8/ 6300 A 11
6700 5913
5524204752 79897 | 7204
T bgbl wd
7700-7900 K515 seood  E47102
E’ 7430
3 Wn) %7700-7900
—70&;96861 4800"\_, 5
74 6689 5500-5900
. 7688~ A -6500
é" 7102~ A\
S 9 8307
ot
] 5125
- 5913 4752 |©
% 57 0552
§ A& 5524 55913
a 1 0-6307
g A
o 5125 : O—6499
o R 016689
é =3
0
@ 4752 6861
2
cu Q o;
) 7089
g 7102
770047900473
-1
-2 ]
.04 .06 .08 .10 ¢ T .14
Waﬂlei/ai
Flow parameter, —————
Uy/~/0%

() Configuration E.

Figure 12. - Stage operating polnts for several stages of XJ40-WE-6 compressor
for various equlvalent engine speeds.

SONEIDENTI AT

20L2



2702

NACA RM E52T10 SONBEEFIFERKR. 37
-5
0
5x1 S Stags
o 1
o 4
<7 100-8000 ¢ 8
A 11
4 4
\@-eooo
C6800-
7500-8000
3
6400
o 63001 5500~5600
FL) . -,
B . 7900122 szcoAA _
>t
o a 4350 © Co
5 bs00—-42 53006800
I
,3 7100-72
o b |
$ A 7500-800 @
g o
3 A Ar4360
o
5]
B o}
&
3
“ s 4360
&
-] A
7.y
-2 i
.02 .04 .08 .08 .10 .12 14
W, /6 /54

Figure 12, - Concluded.

Flow parameter,

Us/~/01

{b) Configuration H.

compressor for various equivalent engine speeds.

Stage operating points for several stages of XJ40-WE-6



38 NACA RM ES2I10

6.4
Altitude Flight Mach Configu- /K
6.0 (£6) number ration /g/
—O0— 30,000 0.64 M /|
—O— 45,000 .21 M O
—_——— A —
5.6 - /
Py
/ 7
VL
o ,/ /r
5.2 o
I} /
77 ‘
“ NV
& 4.8 L
¥ /7
! o,
38 7} /17 Militery-rated
v . Py /] operating lines
& ' Y,
0 S
g / |
B Surge limits //
2 Y%
8 4.0
: V4
o y4
g WA
2
§ 3.6 4
4
‘/
77
/
3.2 /é
O{,
74
2.8
2.4 /
2.0 |®|

4800 5200 5600 6000 6400 6800 7200 7600 8000
Sea-level equivelent engine speed, N/~/6, rpm

Figure 13, - Surge limits and military-rated operating lines of configuration M and
redesigned conflguration A.

SR,

20.2



2702

5.6

£.8

NACA RM E52I10 WONFELEIETES 39
Compressor /
ediabatic y
efficiency,
Te
/
74 P2
Sea-level
AO'% / ( eq_uivgzgn‘bl
4 y ed
Surge limit -\//\ % %1/”_\/—3;
TPm

Compressor pressure ratio, P,/P,

4.4

4.0

2.8

7400

7 7
K AW 68¢
yd 6700

AN

NAAY
A \/ O(}%q Gl
N _

/

/N X~ ,’@eqr

4

/\ Il/,/ 5500
/\ N,/ /A 6400
/A% 7 K- "Ves00 |
{

-

=]
7z
AKX/
\5100
Z 00

| UST-Nn0ozzle \ D
ares o/
= LA

7
50
0

A
”
/ \\’,/.32 / ! 590

a/ X é 5800

100 110 120 130 140

Wa=/8

Sea-level equivalent air flow, s aa 1b/eec
(2) Altitude, 15,000 feet; fllght Mach number, O.64.

Figure 14, - Compressor psrformence mep of configuration M.



40

Compressor pressure ratio, Py/P,

NACA RM ES52T10

6.4

(!

Compressor \

2diabatic
effiolency

5.8 |—
Mg
iy
Vi
5.2
.sz/" %/
4.8 y
\ ) /’ 11160?
_ Burge limib-~ K XL ,9(
4.4 Z (
/B / N/N\s ;// 77100 Sea.-levolt
. 1val
‘ AN ?s/i /’/% 7500 eq:;}%;m
K/-/8
4.0 ‘ /\// / %//Ekc/&s (rpm)
\ K
<

3+ mhaust-norzle ,\ /D >
area / L7\, 7| 6400
(s £t) Y,

N
/

//
\1

7 X7
7\ ,g;l("\a <X espo
5.2 /| N ADALY |82
’ 4 " ’ //\00
o Pang it
,bf’J/ /N oo
,/ i P 'bz/ 5900
A Yy
2.8 5800 | !
80 90 100 110 120 T 130 140 150

W, 2]
Sea-level equivalent air flow, —56—-\/_, 1b/sec
(b) Altitude, 35,000 feet; Fflight Mach number, 0.64.

Figure 14. - Continued. Campressor performence map of conflguration M.

20L2



ST

Compressor pressurs ratio, 1’4./1’2

NACA RM E52I10 abREIEFNT AR 41
6.2
/K \
A Ky
A ALY
Y AU
5.0 2/ / )\
n 7 \ 1
Surge limit ; ’“76(73800
¢\ P\ o\
Compressor / 7400
adisbatio 4 &'/ <X ,
4.5 efficlency A / 2
. e |~ A\A (!‘ 7200
11/‘\ / 7y y -3/4 /I7100
/Q i \/ 7 N N/ 2000 Sea-level
’/83/ ~
2 A 4 c.az/’\/,% l(5;900 ”:;:23{“{"
/ /7\ /%/\ 6800 N/-JE
/] S N X Nemo (rem)
/\ /Il // -
e L DAL oK 1X 455
Q / / ¢ V4 "/6500
/ ,(/ \ 7 N 8400
R A N N b;\//\(
3.4 (89 £L) /\\W\ .78}%. 6300
/< .76/;”\ x ‘s, X7"' 5200
\a< J/, X A 6100
'l{ RN PR
3.0 /l / 5900
. X \ 4 .,/,/ /,
o AT e
o2 Lo ~NACA -
2.6 [’/ﬁé‘b 569 | |
80 g0 100 110 " 140 150
Sea-level equivalent air flow, a.a y 1b/sec

(c) Altituds, 45,000 feet; £light Mach number, 0.64.

Figure 14. - Continued. Compresscr performance map of configuration M.




Compressor pressure ratio, P,/Pp

QeI TDENTTAS» NACA RM E52T10

6.2

5.8 — /\
7
\

A

\

Barge l:uﬂ.t —\

5.0 —A

Y
T4 / l’
Compressor X /‘V/‘M
adiabatlc / /7
4.6 efficliency o 1) Y 7600

4 g L 7
e /)’\ \\: ’\7400
WA\ %
.84
A
/

7
4.2 AV

\ / / Sea-level
K / 6 eq_ui'.ralent

N 4 speed

. 7 s X LY

\{/ 7 V/ 6800 N/~/6
\ , 87001 (rpm)

130 140 150
Wo/B
Bea-level equivalent air flow, —g—=, 1b/sec

(a) Altitude, 35,000 feet; flight Mach number, 1.00.

Figure 14, - Concluded. Compressor performance map of configuration M,



NACA EM E52TI10 CONBEPENTTAT =

1.10

)

(
|
|

gt ratio
Fn
B

’n
)

8

e
&

e)A
//
\

\

ratlo
8

W

a

1.04 Sea-level rated speed

I

Alr £
[}

Wan(/0

(

W
1.02 I

6800 7000 7200 7400 7600 7800 8000
Sea-level equivalent speed, N/-/6, rpm

(2) Configuration M compared with redesigned compressor (configuration A).
M, configuration M; A, configuration A.

Figure 15. - Ratios of calculated net thrust and measured egquivalent air flow.
Altitude, 30,000 feet; flight Mech number, 0.64.



44 QR T DENTEAT s NACA RM E52I10

2 .20
3
afko
= 7
a /
ko
B 1.0 L
$ v
2 T
&~
/
2 I B ey
é 1.00
1.04
[+'4]
o
/‘\g
/

NG

a

\

W

1,02
L

/

wU(

\

a
= ”//,/ Sea-level rated speed
3 1.00
o
[\
H
8
~
(Y W
> .80 I
6800 7000 17200 7400 7600 . 7800 8000

Sea-level equivalent speed, N/-/@, rpm

(b} Configuration M compared with original production engine (reference 1).
M, configuration M; orig, original production engine.

Figure 15. - Concluded. Ratios of calculated net thrust and measured equivalent sir
flow. Altitude, 30,000 feet; flight Mach number, 0.64.

NACA-Langley - 5-25-53 - 326



